Microstructural and textural variations of an AZ31 Mg alloy during its high-speed rolling (HSR) and their dependence on the rolling temperature are investigated by performing HSR at temperatures of 300
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Microstructural and textural variations of an AZ31 Mg alloy during its high-speed rolling (HSR) and their dependence on the rolling temperature are investigated by performing HSR at temperatures of 300
• C, 350
• C, and 400
• C at a rolling speed of 470 m/min with 80% reduction in a single pass. Shear band formation is observed in all the high-speed-rolled (HSRed) materials; however, with increasing rolling temperature, the density and intensity of the shear bands decrease considerably because of an increase in deformation homogeneity.
With increasing rolling temperature, the area fraction of dynamically recrystallized (DRXed)
grains gradually increases owing to the promoted twinning-induced recrystallization behavior. With an increase in the rolling temperature from 300
• C to 350
• C, the average grain size of the HSRed materials decreases owing to the reduced area fraction of coarse unDRXed grains; however, at 400
• C, the average grain size increases owing to the increased DRXed
Introduction
Mg alloys have recently attracted considerable attention in the transportation industry because they have lower densities and higher specific strengths than competitive metal materials such as Al alloys and steels. Mg alloys have been mainly used as casting materials for automobile components such as instrument panels and steering wheels. However, with the development of new process technologies with high productivity and simplified procedures for the fabrication of Mg plates, such as twin-roll casting (TRC) and horizontal continuous casting (HCC), the application range of rolled Mg sheets-which have much better mechanical properties than [1, 2] . This multipass hot rolling accompanied by heat treatment is a time-and energy-consuming process, and it therefore increases the cost of the final products. Recently, it has been reported that rolling reduction that can be applied to Mg alloys in a single pass without fracture increases substantially when the rolling is performed at high speeds of >200 m/min [3] [4] [5] . Su et al. [4] demonstrated that when an AZ31 alloy sheet was rolled at a rolling temperature of 100 • C at a conventional low rolling speed of 15 m/min, the sheet fragmented into several pieces at a rolling reduction of 37%. However, when the rolling speed was increased to 1000 m/min, the sheet could be rolled to a large reduction of 72% in a single pass without fracture. This outstanding rollability that is achievable through high-speed rolling (HSR) is known to be attributed mainly to the promotion of activation of twinning and dynamic recrystallization (DRX) [6] , suppression of the formation of macroscopic shear bands [7] , and generation of homogeneous deformation throughout the material [8] . Moreover, it has been reported that the activation of additional c + a slip systems during HSR can contribute to an improvement in the rollability of Mg alloys [5, 9] . Many studies have been conducted to investigate the mechanisms of DRX occurring during the HSR of cast and wrought Mg alloys, and it has been reported that twinning-induced DRX (TDRX) plays a crucial role in accommodating large plastic deformations and in varying the microstructure of the material [10, 11] .
Since strain, strain rate, and temperature are the main process parameters under hot deformation conditions, the rolling temperature in the HSR process is expected to have a significant influence on the DRX behavior during rolling and on the resultant microstructure of the material after rolling. Many studies have been conducted to investigate the microstructural and textural evolutions of high-speed-rolled (HSRed) Mg alloys caused by variations in the rolling reduction and rolling speed, which correspond to the process parameters of strain and strain rate, respectively [4, 10, 11] . However, in-depth research on the effects of the rolling temperature in the HSR of Mg alloys on their microstructural variations has been rarely conducted [3] . In the present study, therefore, the influence of rolling temperature on the microstructural characteristics of HSRed Mg sheets is investigated by performing rolling to a high reduction of 80% at a high speed of 470 m/min at different temperatures: 300 • C, 350 • C, and 400 • C. Variations in the deformation homogeneity, grain structure, DRX fraction, and texture of the HSRed materials with the rolling temperature are systematically analyzed.
Methods
The initial material for this study was a hot-rolled Mg-3.6Al-1.0Zn-0.3Mn (wt%) (AZ31) alloy. The alloy was subjected to homogenization treatment at 400 • C for 24 h. Subsequently, three samples for rolling were machined from the homogenized alloy; the samples had dimensions of 60 mm × 50 mm × 10 mm (length × width × thickness), which correspond to the rolling direction (RD), transverse direction (TD), and normal direction (ND), respectively. Each sample was preheated to 300 • C, 350 • C, and 400 • C for 10 min prior to rolling and then rolled to a reduction of 80% in just a single pass at a considerably high rolling speed of 470 m/min without heating of the rolls. The sheets rolled at 300 • C, 350 • C, and 400 • C are hereafter referred to as HSR300, HSR350, and HSR400 samples, respectively. The average strain and strain rate were calculated using previously reported equations [11] ; their calculated values were 1.61 and 181 s −1 , respectively. The microstructural variations of the HSRed samples with the rolling temperature, i.e., their localized deformation, DRX behavior, grain structure, and crystallographic orientation, were analyzed using optical microscopy (OM), electron backscatter diffraction (EBSD), and X-ray diffraction (XRD) equipment. EBSD measurements were performed at the midthickness in the center region of the HSRed samples. The detailed method of EBSD measurements and analysis can be found elsewhere [12] .
3.
Results and discussion Fig. 1 shows the optical micrograph and XRD pole figure of the initial material. This material exhibits an equiaxed grain structure with an average grain size of 38.2 m and an intensive basal texture with a maximum texture intensity of 9.1; that is, the basal poles of most grains are oriented nearly parallel to the ND. Fig. 2 (a)-(c) shows the optical micrographs obtained on the ND-RD plane of the HSRed samples. Shear bands associated with an abrupt loss of deformation homogeneity are observed in all the HSRed samples; however, the density and intensity of the shear bands decrease with increasing rolling temperature. This result indicates that as the rolling temperature increases, the localized deformation generated during HSR is suppressed and the applied strain is homogeneously imposed over the entire material. When AZ31 alloy samples are hot-rolled at a conventional rolling speed of 14.8 m/min, the formed shear bands are inclined at approximately ±30 • to the RD [13] . However, in the present study, the shear bands of the HSRed samples are inclined at approximately ±20 • to the RD ( Fig. 2(a) -(c)); this can be attributed to the intensive shear deformation generated by the high rolling speed of 470 m/min. Fig. 2(d) -(f) shows the optical micrographs obtained at the mid-thickness on the TD-RD plane of the HSRed samples. The HSR300 sample exhibits a bimodal grain structure consisting of fine dynamically recrystallized (DRXed) grains and coarse unDRXed grains. In this sample, several deformation twins formed in the unDRXed grains and fine DRXed grains formed at the twins are observed ( Fig. 2(d) ). Accordingly, the relatively large grains of the initial material (38.2 m) are fragmented by deformation twinning during HSR, and the microstructure is refined by the formation of fine DRXed grains at the twins. The HSR350 sample also contains unDRXed grains, but their size and amount are smaller than those of the unDRXed grains in the HSR300 sample; however, the size of DRXed grains in the HSR350 sample is larger than that of grains in the HSR300 sample ( Fig. 2(e) ). Therefore, it can be seen that as the rolling temperature increases from 300 • C to 350 • C, the size difference between the DRXed grains and the unDRXed grains reduces and the microstructural homogeneity increases. The HSR400 sample, in which shear band formation is not noticeable, exhibits an almost fully DRXed grain structure with few unDRXed grains ( Fig. 2(f) ). However, the DRXed grains in this sample are much larger than those in the HSR300 and HSR350 samples. The microstructural features of the HSRed samples and the differences among these features are identified more clearly through EBSD analysis.
Deformation homogeneity during HSR

Dynamic recrystallization behavior
Inverse pole figure (IPF) maps of the total region and unDRXed region of the HSRed samples are shown in Fig. 3 . As the rolling temperature increases from 300 • C to 400 • C, the area fraction of the unDRXed grains decreases from 25.0% to 1.6%.
With each 50 • C increase in the rolling temperature, the DRX fraction of the HSRed samples increases by ∼12%. It is known that at high temperatures of ≥300 • C, the dominant recrystallization mechanism under hot deformation conditions of Mg alloys is discontinuous DRX (DDRX), which occurs through the nucleation and growth of new strain-free grains [14, 15] . The new grains generally nucleate via the local migration of grain boundaries (i.e., grain boundary bulging) [16] . From the viewpoint of the DDRX mechanism, the increase in the DRX fraction of the HSRed samples with increasing rolling temperature is attributable to the promotion of the bulging phenomenon due to the increase in grain boundary mobility. However, under hot deformation conditions with high strain rates, the DDRX behavior is limited even though the deformation temperature is high (≥300 • C); this is because of the unavailability of sufficient time for bulging of the grain boundaries. Meanwhile, a twin has a higher effective interface velocity than a slip band; therefore, twinning occurs much more easily than dislocation slip under high-strain-rate deformation; under this condition an insufficient number of slip systems are activated instantaneously [6, 17, 18] . As a result, it is clear that microstructural evolution during an HSR process with high strain rates is governed by TDRX behavior rather than by DDRX behavior, regardless of the rolling temperature. Fig. 4 shows a partially DRXed grain of the HSR300 sample, in which recrystallization occurs along a twin band formed during HSR. It can be seen that the unDRXed matrix region has a rectangular shape with high aspect ratios of ≥3 owing to the occurrence of recrystallization along the twin band (Fig. 4(b) ). It is also observed that fine DRXed grains are formed at grain boundaries in contact with the twin band (region A in Fig. 4(c) ). This is because twinning dislocations accumulate at the grain boundary-twin band interface, which increases the driving force for DRX [3, 19] . The misorientation line profile along the DRXed grains formed at the twin band reveals that these grains originated from the {1 0 −1 1} compression twin and the {1 0 −1 1}-{1 0 −1 2} double twin (Fig. 4(d) ). This finding is consistent with the previously reported result that TDRX dominantly occurs in {1 0 −1 1} compression twins and {1 0 −1 1}-{1 0 −1 2} double twins during the HSR process owing to the high dislocation densities of these twins [11] . As shown in Fig. 2(a) -(c), the distribution of the applied strain over the entire material becomes more uniform as the rolling temperature increases, and this leads to the homogeneous formation of deformation twins and twinning-induced DRXed grains. As a result, the DRX fraction of the HSRed samples increases with an increase in the rolling temperature. In the residual matrix region that is not recrystallized, numerous dislocations continuously accumulate during HSR, leading to significant lattice distortion; it is confirmed that the deviation of the misorientation angle inside a grain is as high as ∼12 • (Fig. 4(e) ).
Variation in grain size of HSRed samples
The average grain size of the HSRed samples decreases from 7.4 m to 6.5 m with an increase in the rolling temperature from 300 • C to 350 • C, after which it increases to 7.2 m at the rolling temperature of 400 • C (Fig. 3) . This change is related to the variations in the area fraction of coarse unDRXed grains and the size of relatively fine DRXed grains ( Table 1) . The average size of the DRXed grains increases with increase in the rolling temperature ( Fig. 5(a)-(c) ). This is because as the rolling temperature increases, the atomic diffusion at the grain boundaries accelerates, which in turn promotes the growth of newly formed fine DRXed grains. With an increase in the rolling temperature from 300 • C to 350 • C, the average size of the DRXed grains increases by only ∼16%, from 3.7 m to 4.3 m, and the size distributions of the DRXed grains of the HSR300 and HSR350 samples show a similar tendency ( Fig. 5(a) , (b), and (d)). On the other hand, an increase in the rolling temperature from 350 • C to 400 • C causes a large increase of ∼65%-from 4.3 m to 7.1 m-in the average size of the DRXed grains and a considerable widening of the grain size distribution (Fig. 5(b), (c), and (d) ). In the HSR300 and HSR350 samples, the plastic deformation applied during HSR is concentrated more or less along the shear bands. In this highly deformed region, a large number of DRXed grains are formed owing to the increased number of nucleation sites for DRX resulting from the high dislocation density. The mutual interference between these DRXed grains in the grain growth stage of the DRX process causes suppression of their further growth, which eventually causes these DRXed grains to have small sizes. The HSR400 sample has an almost fully DRXed grain structure because these grains are formed uniformly over the entire region of the material. However, the density of nucleation sites for DRX in the HSR400 sample is lower than that in the DRXed regions in the HSR300 and HSR350 samples. This lower density facilitates the growth of DRXed grains owing to the reduced mutual interference, which eventually leads to relatively large DRXed grains in the HSR400 sample. Therefore, the average grain size reduction from 7.4 m to 6.5 m with an increase in the rolling temperature from 300 • C to 350 • C is due to the significant reduction in the area fraction of the coarse unDRXed grains-from 25.0% to 12.5%-even though the DRXed grain size increases from 3.7 m to 4.3 m (Fig. 5(e) ). On the other hand, with an increase in the rolling temperature from 350 • C to 400 • C, the average grain size of the HSRed sample increases from 6.5 m to 7.2 m. With a further increase in the rolling temperature from 350 • C to 400 • C, the area fraction of the unDRXed grains decreases from 12.5% to 1.6%. However, the size of the DRXed grains-which occupy almost the entire area of the HSR400 sample (98.4%)-increases considerably from 4.3 m to 7.1 m; this consequently results in an increase in the average grain size of the material. to the reduction in the area fraction of the unDRXed region, which has much higher texture intensities (31.4-48.3) than the DRXed region (7.1-8.4). In addition, in the HSR300 sample, the position with the maximum pole intensity in the DRXed region is considerably deviated from the ND toward the RD; this position gradually approaches the ND as the rolling temperature increases. Fig. 7 shows the variation in the area fraction of the DRXed grains with respect to the deviation angle of the basal poles of the DRXed grains from the ND. The deviation angle corresponding to the maximum area fraction decreases gradually from 37.5 • to 7.5 • as the rolling temperature increases. Moreover, the distribution range of the deviation angle also reduces with increasing rolling temperature; in the HSR400 sample, the basal poles of ∼92% of the DRXed grains are distributed within 30 • from the ND, whereas in the HSR300 sample, the basal poles of only ∼52% of the DRXed grains are distributed within 30 • from the ND. This result implies that as the rolling temperature increases, the basal planes of the DRXed grains gradually align parallel to the rolling plane. The tilting of the basal texture toward the RD of the HSR300 sample is caused by the inhomogeneous shear deformation during high-strain-rate rolling at a relatively low temperature of 300 • C. However, the homogeneity of plastic deformation applied to the material during HSR increases with increasing rolling temperature, which finally leads to the generation of an ND basal texture that typically develops in Mg sheets hot-rolled at relatively low speeds.
Textural characteristics of HSRed samples
Conclusions
This study investigated the effects of rolling temperature on the microstructural and textural variations of an HSRed AZ31 alloy by performing hot rolling at a high speed of 470 m/min at different temperatures: 300 • C, 350 • C, and 400 • C. In all the HSRed samples, shear bands associated with localized inhomogeneous deformation were observed, but the density and intensity of the shear bands were found to decrease as the rolling temperature increased. The area fraction of the DRXed grains increased with increasing rolling temperature, which is attributed to the promotion of twin formation and TDRX behavior. With an increase in the rolling temperature from 300 • C to 350 • C, the average grain size of the HSRed samples decreased owing to a reduction in the area fraction of coarse unDRXed grains. However, with a further increase in the rolling temperature from 350 • C to 400 • C, this average grain size increased because of a significant increase in the DRXed grain size. Although all the samples exhibited a strong basal texture, the maximum texture intensity decreased with increasing rolling temperature because of a reduction in the area fraction of the unDRXed region, which has high texture intensities. In addition, as the rolling temperature decreased, the position with the maximum pole intensity in the DRXed region tilted from the ND toward the RD owing to the intensive shear deformation generated during the HSR process.
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